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gettered dopant, which layer can be removed or retained.
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GATE ETCH OPTIMIZATION THROUGH
SILICON DOPANT PROFILE CHANGE

TECHNICAL FIELD

The present disclosure relates to a method of fabricating
semiconductor devices with improved metal gate electrodes,
and to the resulting devices. The present disclosure 1s particu-
larly applicable 1n fabricating metal gate transistors with
improved device performance and reduced defects during
encapsulation by reducing non-umformity in dopant concen-
tration of the gate electrode.

BACKGROUND

A typical metal gate electrode stack comprises an amor-
phous silicon or polycrystalline silicon capping layer 101, a
metal layer 103, and a high K dielectric layer 105, over a
semiconductor substrate 107, as illustrated in FIG. 1. For
P-type semiconductor devices with metal gate electrodes, the
amorphous silicon or polycrystalline silicon layer 1s typically
doped, for example with an appropriate dopant, such as boron
(B), aluminum, or gallium, notably B, to improve device
performance and control conductivity. However, 1t was found
that during doping, as by 1on implantation, a high dopant
concentration 1s formed at the upper surface of the silicon
layer which decreases asymptotically downward from the
surface leaving a non-uniform dopant concentration profiile.
The resulting high dopant concentration region 201 near the
top surface of silicon layer 101, etches at a rate different from
the remainder of silicon layer 101. For example B-doped
silicon has a slower etch rate than undoped silicon, and the
etch rate changes monotonously with dopant concentration.
Accordingly and adverting to FIG. 2, upon etching the layers
alter dopant implantation, the high B concentration region
201 etches at a significantly lower rate that the remainder of
silicon layer 101, resulting 1n a gate stack having non-linear
side surfaces due to undercutting 203, and forming a “shoul-
der” 205 near the top of the patterned gate. The “shoulder”
will not only cause variability in device performance, but also
acts as a weak point 1n subsequent encapsulation, thereby
leading to defects.

A need therefore exists for methodology enabling the fab-
rication of semiconductor devices with metal gate transistors,
particularly P-type metal gate transistors, having reduced
variability 1n device performance.

SUMMARY

An aspect of the present disclosure 1s an efficient method of
fabricating a semiconductor device comprising a metal gate
transistor with reduced variability in device performance.

Another aspect of the present disclosure 1s semiconductor
device comprising a metal gate transistor with reduced vari-
ability 1n device performance.

Additional aspects and other features of the present disclo-
sure will be set forth 1n the description which follows and 1n
part will be apparent to those having ordinary skill in the art
upon examination of the following or may be learned from the
practice ol the present disclosure. The advantages of the
present disclosure may be realized and obtained as particu-
larly pointed out 1n the appended claims.

According to the present disclosure, some technical effects
may be achieved 1n part by a method comprising: forming a
metal layer; forming a silicon layer, having an upper surface
and a lower surface, on the metal layer; introducing a dopant
into the silicon layer, wherein the high dopant concentration
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region has a dopant concentration greater than that of the
remainder of the silicon layer; and reducing the dopant con-
centration of the high dopant concentration region.

Aspects of the present disclosure include forming a P-type
transistor and implanting boron (B) as the dopant. Another
aspect includes reducing the dopant concentration by intro-
ducing a counter-dopant into the high dopant concentration
region. A further aspect includes 1on implanting boron (B) as
the dopant, and 10n implanting phosphorus as the counter-
dopant. An additional aspect includes reducing the dopant
concentration by removing the high dopant concentration
region and forming a regrown silicon layer on the silicon
layer. A further aspect includes lightly doping the regrown
silicon such that the dopant concentration of the regrown
silicon layer 1s no greater than that of the silicon layer.
Another aspect includes removing the silicon by chemical
mechanical planarization, wet etching, or reactive 1on etch-
ing. A further aspect includes reducing the dopant concentra-
tion by applying a gettering agent to the upper surface of the
silicon layer, and forming a gettered dopant layer on the upper
surface of the silicon layer. Another aspect includes applying
a fluorine—containing oxide as the gettering agent. Another
aspect includes removing the gettered dopant layer by chemi-
cal mechanical planarization, wet etching, or reactive 1on
cetching. An additional aspect includes forming the metal
layer on a high-K dielectric layer, and etching the silicon
layer, metal layer, and high-K dielectric layer to form a metal
gate stack having substantially aligned side surfaces.

Another aspect of the present disclosure 1s a semiconductor
device having a metal gate transistor comprising: a metal
layer; a silicon layer, having an upper and a lower surface, on
the metal layer, the silicon layer containing a dopant having a
substantially uniform dopant concentration between the
upper surface and the lower surface.

Aspects mclude devices wherein the metal layer 1s on a
high-K dielectric layer. A further aspect includes transistors
comprising a metal gate stack of a silicon layer, metal layer,
and high-K dielectric layer with side surfaces that are sub-
stantially aligned. Another aspect includes metal gates with a
regrown silicon layer over the silicon layer, the regrown sili-
con layer having a thickness less than a thickness of the
silicon layer, such as a thickness of about 10 to about 15 nm,
wherein the combined thickness of the regrown silicon layer
and the silicon layer 1s about 35 nm to about 65 nm, and the
regrown silicon layer having a dopant concentration no
greater than that of the silicon layer. Another aspect includes
a metal gate with a region of the upper surface of the silicon
layer containing a counter-dopant to the dopant in the silicon
layer. A further aspect includes a metal gate with a gettered
dopant layer on the upper surface of the silicon layer.

Another aspect of the present disclosure 1s a method of
fabricating a semiconductor device having a P-type metal
gate transistor, the method comprising: depositing a metal
layer on a high-K dielectric layer; forming a silicon laver,
having an upper surface and a lower surface, on the metal
layer; 1on implanting boron into the silicon layer, wherein a
region ol the upper surface contains boron at a concentration
greater than a concentration of boron in the silicon layer;
reducing the boron concentration 1n the region; and etching
the silicon layer, metal layer, and high-K dielectric layer to
form a metal gate stack having substantially umiform side
surfaces; the method comprising reducing the boron concen-
tration by: (a) imntroducing a phosphorus counter-dopant into
the region; (b) removing the region, forming a regrown sili-
con layer on the silicon layer, and introducing boron into the
regrown silicon layer at a concentration not greater than the
boron concentration 1n the silicon layer; or (¢) applying a
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gettering agent to the upper surface of the silicon layer, and
forming a gettered dopant layer on the upper surface of the
silicon layer.

Additional aspects and technical etffects of the present dis-
closure will become readily apparent to those skilled in the art
from the following detailed description wherein embodi-
ments of the present disclosure are described simply by way
of illustration of the best mode contemplated to carry out the
present disclosure. As will be realized, the present disclosure
1s capable of other and different embodiments, and 1ts several
details are capable of modifications 1n various obvious
respects, all without departing from the present disclosure.
Accordingly, the drawings and description are to be regarded
as 1llustrative 1n nature, and not as restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure 1s illustrated by way of example,
and not by way of limitation, 1n the figures of the accompa-
nying drawing and 1n which like reference numerals refer to
similar elements and in which:

FIG. 1 schematically 1llustrates a prior art metal gate elec-
trode structure;

FIG. 2 schematically 1llustrates undercutting during etch-
ing a prior art metal gate stack;

FIGS. 3A-3C schematically illustrate a process for form-
ing a metal gate electrode, according to an exemplary
embodiment;

FIGS. 4A-4D schematically 1llustrate a process for form-
ing a metal gate electrode, according to another exemplary
embodiment;

FIG. 5A-5F schematically illustrate a process for forming,
a metal gate electrode, according to another exemplary
embodiment.

DETAILED DESCRIPTION

In the following description, for the purposes of explana-
tion, numerous specific details are set forth in order to provide
a thorough understanding of exemplary embodiments. It
should be apparent, however, that exemplary embodiments
may be practiced without these specific details or with an
equivalent arrangement. In other instances, well-known
structures and devices are shown 1n block diagram form 1n
order to avoid unnecessarily obscuring exemplary embodi-
ments.

The present disclosure addresses and solves the varation in
device performance problem caused by undercutting due to a
non-uniform dopant concentration in the silicon layer, 1.e., a
high dopant concentration region in the upper surface of the
silicon layer, typically encountered when forming P-type
transistors. In accordance with embodiments of the present
disclosure, the dopant concentration 1n the high dopant con-
centration region at the upper surface of the silicon portion of
a metal gate electrode 1s reduced. As a consequence of the
reduction 1n dopant, the gate electrode can be etched to form
a gate stack with substantially uniform side surfaces, thereby
reducing variability 1n device performance and reducing
defects during subsequent encapsulation.

Conventional practices include forming a metal layer,
forming a silicon layer, having an upper surface and a lower
surface, on the metal layer, introducing a dopant into the
s1licon layer, which undesirably results in a high dopant con-
centration region at the upper surface of the silicon layer,
wherein the high dopant concentration region has a dopant
concentration greater than that of the remainder of the silicon
layer, typically about three to four orders of magnitude
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greater. Embodiments of the present disclosure include
reducing the dopant concentration of the high dopant concen-
tration region. Embodiments include reducing the dopant
concentration by introducing a counter-dopant into the high
dopant concentration region, €.g., introducing phosphorus as
a counter-dopant to B, as by 1on implantation. In another
embodiment, the high dopant concentration region 1is
removed, as by chemical mechanical planarization, wet etch-
ing, or reactive 1on etching, and a regrown silicon layer 1s
tformed on the silicon layer. Subsequently, the regrown silicon
may be lightly doped such that the dopant concentration of the
regrown silicon layer 1s no greater than that of the silicon
layer. In another embodiment, the dopant concentration in the
high dopant concentration region is reduced by applying a
gettering agent, such as a fluorine containing silicon oxide,
(or surface dopant of BF,), to the upper surtace of the silicon
layer, and forming a gettered dopant layer on the upper sur-
face of the silicon layer. The gettered dopant layer may
remain, as 1t 1s typically formed at a small thickness, e.g.,
about 10 A to about 50 A, or may be removed, as by chemical
mechanical planarization, wet etching, or by reactive 1on
ctching.

A semiconductor device 1n accordance with embodiments
of the present disclosure includes a metal gate transistor hav-
ing a metal layer, a silicon layer, having an upper and a lower
surface, on the metal layer, the silicon layer containing a
dopant, such as boron, having a substantially uniform con-
centration between the upper surface and the lower surface.
The device transistor typically comprises a high-K dielectric
layer, with the metal layer being on the high-K dielectric
layer. As a result of reducing the dopant concentration of the
high dopant concentration region, the gate stack after etching
exhibits substantially uniformly aligned side surfaces, 1.e.,
the side surfaces are substantially vertical, e.g., formed at an
angle of 90° plus or minus 1°. The device may include a
regrown silicon layer over the silicon layer, a counter-dopant
to the dopant 1n the high dopant concentration region such
that the concentration of the dopant 1s substantially uniform
throughout the silicon layer, or a gettered dopant layer on the
upper surface of the silicon layer.

Still other aspects, features, and technical etfects will be
readily apparent to those skilled 1n this art from the following
detailed description, wherein preferred embodiments are
shown and described, simply by way of illustration of the best
mode contemplated. The disclosure 1s capable of other and
different embodiments, and 1ts several details are capable of
modifications in various obvious respects. Accordingly, the
drawings and description are to be regarded as 1llustrative 1n
nature, and not as restrictive.

A process for forming a gate electrode 1n accordance with
an embodiment of the present disclosure 1s illustrated 1n
FIGS. 3A-3C, wherein like reference characters denote like
features. As seen 1n FIG. 3A, a high-K dielectric layer 301 1s
formed on semiconductor substrate 303. A metal layer 305,
such as titanium nitride (TiN) 1s formed over dielectric layer
301, with a thickness of, for example, about 2.5 to about 12,
nanometers (nm). Polycrystalline silicon or amorphous sili-
con 1s then grown on metal layer 305 to form silicon layer
307. Silicon layer 307 has a thickness of about 55 nm to about
65 nm, e.g., about 60 nm. Ion implantation 1s then 1mple-
mented as 1n a conventional manner to introduce a p-type halo
dopant 309, e.g., B, BF;, aluminum, or gallium, to silicon
layer 307, typically at an energy of about 1 to about 8 keV and
at a dosage of about 1E14 to about 8E16.

As the doping proceeds, a higher concentration of B, for
example, builds up near the upper surface of silicon layer 307,
dropping oilf exponentially from the top of silicon layer 307 to
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the bottom of silicon layer 307. As indicated in FIG. 3B, for
example, when 10n implanting B into a silicon layer 307
having a thickness of about 45 nm to about 65 nm, a high B
concentration region 311 1s formed at a thickness of about 10
to about 15 nm having a B concentration of about 1E21 to
about 1E22 atoms/cm” compared to a B concentration of
about 1E17 to about 1E18 atoms/cm” for the remainder of
silicon layer 313. A counter-dopant 315, e¢.g., an n-type halo
dopant, for example phosphorus, arsenic, or antimony, 1S
introduced into the top portion 311 to neutralize B thereby
equalizing the etch rate ol regions 311 and 313. The counter-
dopant may be introduced using a diffusion process or with

low energy 1on implantation, e.g., with an energy between
about 0.01 keV and about 1 keV, and a dosage of about 1E12

to about 1E14. As shown 1n FIG. 3C, substantial equalization
of the etch rate by 1on implanting a counter dopant enables
patterning the gate stack such that the side surfaces exhibit a
substantially straight profile.

Another exemplary embodiment 1s illustrated in FIGS. 4A

through 4D, wherein like reference characters denote like
teatures. Adverting to FIG. 4A, a high-K dielectric layer 401
1s formed on semiconductor substrate 403, metal layer 4035 1s
tormed over dielectric layer 401, as at a thickness of about 2.5
to about 12 nanometers (nm), and a silicon layer 407, 1.¢.,
polycrystalline silicon or amorphous silicon, 1s formed on
metal layer 405 to form silicon layer 407, as at a thickness of
about 55 nm to about 65 nm, e.g., about 60 nm. A dopant, e.g.,
B, 1s then introduced, as by 1on implantation at an energy of
about 1 keV to about 8 keV and at a dosage of about 1E14 to
about 8E16. As the doping proceeds, a high B concentration
region 411 1s formed at the upper surface of silicon layer 407,
similar to region 317 i FIG. 3C.

In accordance with this embodiment, high B concentration
region 411, having a thickness of about 10 nm to about 15 nm,
1s removed, as by chemical mechanical planarization (CMP),
wet etching, or reactive 1on etching, resulting in the structure
illustrated in FIG. 4B. A new layer of amorphous or polycrys-
talline silicon 415 1s then be grown or deposited on remaining,
portion 413, as illustrated 1n FIG. 4C. Layer 415 may be left
undoped or may be lightly doped with the same dopant. For
example, B may be introduced by ion implantation at an

energy of about 0.01 keV to about 1 keV and at a dosage of
about 1E12 to about 1E14.

As shown 1n FIG. 4D, layers 401, 405, 413, and 4135 are
then etched to form gate stack 417, having a substantially
straight edge profile as in FIG. 3C.

FIGS. 5A-5F (wherein like reference characters denote
like features) 1llustrate another exemplary embodiment of the
present disclosure. As shown in FIG. 5A, a high-K dielectric
layer 501 1s formed on semiconductor substrate 503, metal
layer 505 1s formed over dielectric layer 501, and a silicon
layer 507, 1.¢., polycrystalline silicon or amorphous silicon, 1s
tormed on metal layer 505, similar to that illustrated in FIGS.
3A and 4A. Similar to FIGS. 3A and 4A, a high concentration

region 511 1s formed near the upper surface of silicon layer
507.

Adverting to FIG. 5B, 1n this embodiment a gettering agent
515, such as a fluorine containing oxide, e.g. S10FX. 1s
applied to the top surface of silicon layer 507. The gettering
agent 515 extracts the B dopant to the top surface forming a
very thin skin 517, as at a thickness of about 5 A to about 10
A, as shown in FIG. 5C, leaving the remainder 519 of silicon
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layer 507 with a relatively uniform B concentration. Getter-
ing may be implemented or accelerated by thermal annealing.

Silicon layer 507, metal layer 503, and high dielectric layer
501 are then etched to form a gate stack as illustrated 1n FIG.
5D, and similar to that 1llustrated in FIGS. 3C and 4D, having
a substantially straight edge profile.

Alternatively, as 1llustrated in FIG. SE, skin layer 517 may
be removed before etching to form the gate stack. Removal of
layer 517 may be accomplished by chemical mechanical pla-
narization (CMP), wet etching, or reactive 1on etching. Then
the remaining layers, silicon layer 519, metal layer 505, and
high dielectric layer 501 may be etched to form gate stack
523, as 1llustrated in FIG. SE, having a substantially straight
edge profile.

Embodiments of the present disclosure achieve several
technical effects, including a straight gate profile, better
threshold voltage control, improved transistor and circuit per-
formance, and reduced defects during encapsulation. The
present disclosure enjoys industrial applicability 1n fabricat-
ing any of various types of highly integrated semiconductor
devices.

In the preceding description, the present disclosure 1s
described with reference to specifically exemplary embodi-
ments thereof. It will, however, be evident that various modi-
fications and changes may be made thereto without departing
from the broader spirit and scope of the present disclosure, as
set forth 1n the claims. The specification and drawings are,
accordingly, to be regarded as illustrative and not as restric-
tive. It 1s understood that the present disclosure 1s capable of
using various other combinations and embodiments and 1s

capable of any changes or modifications within the scope of
the inventive concept as expressed herein.

What 1s claimed 1s:
1. A device comprising;:

a metal gate layer;

a silicon layer, having an upper and a lower surface, on the
metal gate layer, the silicon layer containing:

a dopant having a high dopant concentration region at the
upper surface of the silicon layer, wherein the high
dopant concentration region has a dopant concentration
greater than that of the remainder of the silicon layer;
and

a counter-dopant, 1n the high dopant concentration region,
having a concentration substantially equal to a differ-
ence between the high dopant concentration and a
dopant concentration near the lower surface of the sili-
con layer.

2. The device according to claim 1, further comprising a
high-K dielectric layer, wherein the metal gate layer 1s on the
high-K dielectric layer.

3. The device according to claim 2, wherein side surfaces of
the silicon layer, metal gate layer, and high-K dielectric layer
are substantially aligned.

4. The device according to claim 3, wherein the dopant
comprises a p-type dopant, and the counter-dopant comprises
an n-type dopant.

5. The device according to claim 4, wherein the dopant

comprises boron (B), and the counter-dopant comprises phos-
phorus (P).
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6. The device according to claim 5, wherein the silicon a boron (B) dopant having a high dopant concentration
layer comprises polycrystalline silicon or amorphous silicon region at the upper surface of the silicon layer, and a
having a thickness of about 45 nm to about 65 nm. lower dopant concentration region at the lower surface
7. The device according to claim 6, wherein the high of the silicon, wherein the high dopant concentration
dopant concentration region has a thickness of about 10 to > region has a thickness of about 10 to about 15 nm and a

dopant concentration of about 1E21 to about 1E22
atoms/cm’; and
a phosphorus (P) counter-dopant, in the high dopant con-
centration region, having a concentration substantially
10 equal to a difference between the high dopant concen-
tration and the lower dopant concentration.

about 15 nm and a dopant concentration of about 1E21 to
about 1E22 atoms/cm”.
8. A device comprising:
a titammum nitride (T1N) metal gate layer having a thickness
of about 2.5 to about 12 nanometers (nm);

a silicon layer, having an upper and a lower surface, on the
metal gate layer, the silicon layer having a thickness of
about 45 nm to about 65 nm and containing: S I
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